Topological constraints placed on short fragments of DNA change the disorder found in chain molecules randomly decorated by nonspecific, architectural proteins into tightly organized 3D structures. The bacterial heat-unstable (HU) protein builds up, counter to expectations, in greater quantities and at particular sites along simulated DNA minicircles and loops. Moreover, the placement of HU along loops with the "wild-type" spacing found in the Escherichia coli lactose (lac) and galactose (gal ) operons precludes access to key recognition elements on DNA. The HU protein introduces a unique spatial pathway in the DNA upon closure. The many ways in which the protein induces nearly the same closed circular configuration point to the statistical advantage of its nonspecificity. The rotational settings imposed on DNA by the repressor proteins, by contrast, introduce sequential specificity in HU placement, with the nonspecific protein accumulating at particular loci on the constrained duplex. Thus, an architectural protein with no discernible DNA sequencerecognizing features becomes site-specific and potentially assumes a functional role upon loop formation. The locations of HU on the closed DNA reflect long-range mechanical correlations. The protein responds to DNA shape and deformability-the stiff, naturally straight double-helical structure-rather than to the unique features of the constituent base pairs. The structures of the simulated loops suggest that HU architecture, like nucleosomal architecture, which modulates the ability of regulatory proteins to recognize their binding sites in the context of chromatin, may influence repressoroperator interactions in the context of the bacterial nucleoid.
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DNA cyclization | lac operon | Monte Carlo simulation | nonspecific binding | protein-mediated looping D NA behaves differently in a cellular milieu than in aqueous salt solution. Proteins attach to widely spaced sites along genomic sequences in vivo and force the intervening DNA into loops much shorter in length than those expected from the natural deformational properties of the double helix. For example, the control of gene expression in Escherichia coli entails the formation of short DNA loops, some ∼100 bp steps in length, that preclude access of RNA polymerase to the signals needed to transcribe the enzymes encoded within various operons (1, 2) . DNA of the same length tends to be highly extended in vitro, with very low chances of closing spontaneously into a loop (3, 4) .
Aside from the proteins that hold specific sequences at the ends of short DNA loops in place, the cellular environment includes a number of other components that influence the properties of DNA loops. For example, the naturally abundant, nonspecific E. coli heat-unstable (HU) protein plays important roles both in cellular processing and in shaping the architecture of the bacterial nucleoid. The dimeric protein introduces large deformations in DNA-sharp bends, helical untwisting, and helical axis dislocation (5) -that are central to its activity. The binding of HU to an AT-rich sequence element stabilizes loops important for repression of the galactose (gal) operon (6) , and its absence weakens repression of the lactose (lac) operon (7) . The loss of protein also leads to nucleoid instability and growth defects (8, 9) .
Our recent studies of the structures of DNA loops mediated by the Lac repressor, the tetrameric protein assembly that controls the expression of lac genes in E. coli, show how the deformations of the double helix found in known high-resolution complexes of HU with DNA compensate for the intrinsic stiffness of short DNA (10, 11) . The random binding of the protein, at levels approximating those found in vivo, brings the predicted looping propensities in line with values deduced from geneexpression studies. The introduction of low levels of HU similarly enhances the formation of DNA minicircles (12) , accounting for the very small rings detected in DNA ligation studies (13, 14) and the ease of cyclization determined for longer chains at different concentrations of HU (15) .
Closer investigation of the structures captured in the course of these simulations and in new studies of Gal repressor-mediated looping reveals how the random binding of HU organizes the folding of DNA loops and minicircles. Here we show how the nonspecific-binding protein builds up, counter to expectations, in greater quantities and localizes at particular sites along the DNA. Moreover, the placement of HU along loops with the spacing found in the lac and gal operons precludes access to key recognition elements on DNA. The architectural protein reconfigures the pathways of the repressor-mediated DNA loops and introduces a structural barrier to operon accessibility. The DNA appears to guide the placement of proteins and to take advantage of the nonspecificity of HU binding. The predicted placement of HU accounts for the known specificity of the protein on Gal repressor-mediated loops (6) and hints of a similar role for the architectural protein in wild-type loops attached
Significance
The organization of long genomes in the confined spaces of a cell requires special facilitating mechanisms. A variety of architectural proteins play key roles in these processes. The bacterial heat-unstable (HU) protein helps to condense DNA by introducing sharp turns along its pathway. The protein binds in a sequence-neutral fashion, randomly distorting linear DNA when introduced in computer-simulated structures at levels comparable to those found in the cell. The natural resistance of DNA to severe deformation, however, restricts the nonspecific protein to specific loci when the molecule is covalently closed or looped by a protein. The interplay of DNA topology and proteininduced bending provides insights into ways in which gene fragments may be organized and linked to biological function.
to the Lac repressor. The computations show how a protein with no discernible DNA sequence-recognizing features becomes sitespecific upon loop formation and point to the statistical advantage of nonspecific protein binding in effecting DNA ring closure.
Results
Nonspecific Proteins Accumulate at Unexpected Levels and Locations on Circular DNA. The random binding of HU has a number of surprising effects on the simulated structures of short DNA minicircles. First of all, minicircles collected from large ensembles of linear, unconstrained double-helical molecules bind more nonspecific proteins than anticipated from the imposed binding probabilities. The average number of HU dimers found on 100-150-bp cyclic DNA species exceeds the number accumulated on ensembles of spatially unconstrained chains of the same length (Fig. 1A) . The enhanced levels of HU on circular DNA are especially pronounced at short DNA chain lengths and at low HUbinding levels, confined in this example to values of one randomly attached protein dimer every 100 bp of DNA.
Unlike the uniform placement of HU dimers on open DNA molecules, the spacing of the protein on cyclized duplexes is not uniform. That is, DNA ring closure induces a preference for HU to bind at particular sites on the closed duplex or, more precisely, at specific separation distances along the chain. For example, most of the successfully closed 105-mers adopt elongated, nearly planar configurations with two copies of HU located at the apices of the structures ( Fig. 2A ). Significantly, none of the 105mers captured in the simulations binds less than two HU dimers, and a small fraction takes up three or more dimers (Fig. 1B ). Elongated configurations also dominate the closed states of longer HU-bound DNA rings although structures of this type constitute a smaller proportion of the modeled configurations (SI Appendix, Fig. S3 ).
In general, for minicircles with two bound HU dimers, the proteins lie at antipodal positions separated by roughly integral helical repeats. If the chain length is an even multiple of the 10.5bp DNA repeat, the binding sites tend to be spaced midway along the chain contour. For example, the vast majority of HU dimers found on 105-bp minicircles lie five helical turns apart, i.e., distances corresponding to half the respective B-DNA contour lengths (SI Appendix, Fig. S4 ). The protein positioning on minicircles with an odd number of helical repeats is slightly asymmetric, with spacings equal to the two integral helical repeats that bracket half the contour length. For example, the two HU dimers on rings of 115 or 116 bp, ∼11 helical repeats of B-DNA, are separated by five or six helical turns (SI Appendix, Fig. S4 ).
The number and placement of HU dimers is quite different on minicircles comprising half-integral B-DNA repeats. Chains of these lengths tend to cyclize somewhat less easily (11, 12) and to take up additional proteins upon ring closure (Fig. 1A) . The added proteins help to relieve the bending and torsional stress needed to bring the ends of the DNA in alignment for chain ligation. The placement of proteins on the closed rings takes advantage of both the symmetry of the system and the DNA double-helical repeat. For example, the three HU molecules associated with nearly half of the 111-bp minicircles are fairly evenly spaced on the DNA, with the DNA folded into tight triangular configurations with "sides" one and three B-DNA repeats in length ( Fig. 2A) . Similarly, the separation distances between the four HU molecules found in many 113-bp minicircles are roughly constant, with the DNA wrapped in a tight "figure 8," and each lobe of the figure 8 binding two proteins separated by two or three helical turns ( Fig. 2A ). The ∼11°u
ntwisting associated with each 14-bp HU-bound DNA fragment leads to a 2-3 bp shift in the lengths of protein-decorated chains most readily closed into duplexes compared with HU-free DNA, e.g., 108-or 118-bp circles with two or three HU dimers versus 105 or 115-116 bp of bare B-DNA.
The relative frequency of configurations with three or more HU dimers increases in larger minicircles as the average number of bound HU molecules builds up with chain length ( Fig. 1A and SI Appendix, Figs. S5 and S6). The different proportions of HU give rise to a slight phase shift in the computed chain-length dependence of ring closure compared with that of bare DNA (11, 12) . The average number of dimers (#HU) on chains of a given length, in A, and the likelihood w HU of finding a protein centered at a given nucleotide position, in B, are depicted, respectively, by the solid lines and histograms in the Upper plots. The greater binding occupancy on the closed chains is clear from comparison with the degree of binding in unconstrained ensembles of all (linear and cyclic) HU-bound chains of the same length (dotted line in A). The distribution of closed chains, expressed as a percentage of the simulated sample size in A, illustrates the dependence of ring closure on chain length. The number of dimers (HU#) of bound proteins and the length λ 1 of the longest principal axis, plotted to the right of each entry in B, reveal the tight spatial organization of the closed duplexes, primarily elongated states with two antipodal HU dimers and occasional less extended configurations with three or more bound proteins (denoted, respectively, by the light gray and black bars in the Lower images). DNA Guides the Positioning of HU on Short Minicircles. The nonspecificity of HU binding allows the architectural protein to accumulate at any site along DNA. The random placement and enhanced numbers of dimers on successfully closed minicircles stand out in mosaics of HU-occupied positions ( Fig. 1B ). Here we depict the sequential locations of bound proteins on 105-bp minicircles relative to the site of chain ligation, i.e., the terminal base pairs of the modeled chains. The random build-up of protein leads, as expected, to uniform binding-site occupancies, as measured by the average number of HU dimers centered on individual base pairs in the set of closed chains. The dip in HU occupancy at the ends and middle of the DNA arises from the implicit presence of DNA ligase on a naturally straight chain segment at the sites of ring closure and the consequent drop in bound HU at the antipodal site (see Supporting Information for details). The uniformity in global chain configuration, as measured by the lengths of the principal axes of the DNA rings ( Fig. 1B and SI Appendix, Fig. S7 ), stems from the regular spacing between successively bound proteins in the computed structures, each introducing a significant (120°± 10°) bend in the DNA (5) .
The spacing of proteins at integral helical repeats allows the DNA to remain in the vicinity of its minimum-energy rest state. In this sense, the mechanics of DNA, i.e., the tendency for the double helix to remain naturally straight with 10.5 residues per turn, dictates the positions of proteins along the closed molecules. The proteins, in turn, determine the degree of DNA deformation, e.g., the magnitude of local bending, and thereby control the overall shape of the molecular complex. For example, substitution of the two HU dimers found in most 105-bp minicircles by the structurally related, albeit more strongly DNAdistorting HU-like protein from Borrelia burgdorferi (Hbb) (16) , changes the smooth, oval pathways induced by HU to more tightly closed configurations with the protein-free DNA segments brought into nearly perfect antiparallel alignment by the ∼160°bending of DNA by Hbb ( Fig. 2B and SI Appendix, Fig. S8 ).
Significantly, the configurations of closed circular DNA brought about by the nonspecific binding of HU remain the same regardless of simulation conditions. That is, the uptake of protein on DNA yields the same few overall folds regardless of the assumed binding probability. Changes in the likelihood of HU binding affect the fraction of minicircles with a given number of bound dimers but not the shapes of the HU-bound DNA. For example, although there is a twofold drop in the fraction of 103bp rings bearing two HU dimers with an increase in the binding probability from one HU per 100 bp to one per 50 bp, the writhing numbers of the minicircles with specific numbers of HU dimers remain the same-e.g., average values of 0.09 ± 0.11 for the duplexes bearing two proteins and -0.12 ± 0.31 and -0.14 ± 0.31 for those bearing three proteins under the respective binding conditions. The different proportion of minicircles with two, three, and four HU dimers, however, results in a difference in the average writhing numbers for the ensembles of closed HUbearing chains, e.g., values of 0.03 ± 0.20 and -0.12 ± 0.27 for 103-bp rings generated at the lower and higher binding probabilities. The principal axes of the short minicircles are similarly "quantized" (SI Appendix, Fig. S7 ). The DNA chain length and level of protein binding consequently influence the distribution of topological states, or topoisomers, of the closed molecules. The difference, ΔLk, in the linking number of the HU-decorated minicircles compared with that of a relaxed protein-free molecule of the same length, is greater in the rings that bind more HU on average. These chains are negatively supercoiled (ΔLk < 0) and less easily cyclized. The molecules that bind only two HU dimers are nearly fully relaxed with approximately zero excess link (ΔLk = 0) and are more easily closed into minicircles.
The many ways in which a nonspecific protein can attach to DNA enhance the likelihood of ring closure. The simulated formation of 100-150 bp, HU-decorated minicircles is orders of magnitude greater than the probability of covalently closing a bare DNA molecule of the same chain length (11, 12) . The protein not only binds at two or more sites on the closed rings but also occupies all possible combinations of binding sites with a given spacing, thereby providing many different ways to achieve ring closure ( Fig. 2B ). Proteins with specific DNA recognition sites do not have this capability. Thus, under comparable conditionse.g., similar on/off rates of DNA association and protein concentrations-a nonspecific binding protein has a statistical advantage in effecting ring closure over a protein that introduces comparable deformations of DNA at a specific binding site.
HU Reconfigures the Pathways of Wild-Type Repressor-Mediated DNA Loops. Although the spatial constraints placed on short DNA fragments looped between the binding sites of the Lac and Gal repressors differ from those associated with ring closure (10), the propensity for DNA to adopt a naturally straight double-helical form continues to determine the sites of preferential HU buildup on the spatially constrained duplex. The positioning of the architectural protein, in turn, influences the way in which DNA attaches to the loop-mediating protein (10, 11) . For example, in the absence of HU, DNA loops with the 92-bp wild-type spacing found in the lac operon tend to bind in antiparallel orientations to the binding headpieces of a V-shaped model of the Lac repressor (10, 17, 18) . The looped segments make gradual U-turns with build-up of curvature on the 5′-or 3′-half of the DNA, socalled A1-or A2-type looping in which the bound DNA operators point in roughly opposing spatial directions (19) ( Fig. 3 and SI Appendix, Fig. S9 ). The random binding of HU shifts the orientational preference such that nearly 90% of the HU-bound loops attach to the repressor in a parallel orientation (with operators running in nearly the same direction) (10) . Moreover, the random binding of HU perturbs the fold of the DNA. Nearly all of the loops that closed in a parallel orientation on the Lac repressor bind two HU dimers, most of which are separated by two helical turns of straight DNA ( Fig. 3 and SI Appendix, Fig. S10 ). These "flattened" and globally reoriented loops dominate the configurational landscape and contribute to the large increase in the J-factor of looping found in the presence vs. absence of HU (10). By contrast, the 113-bp wild-type loops of bare DNA anchored to the Gal repressor preferentially adopt an ℓ-shaped configuration with a tight U-turn centered near the midpoint of the loop, so-called P1 looping (19) (Fig. 3 ). As with the Lac repressor, the random uptake of HU on the DNA changes the orientational preference of Gal repressor-operator association. Nearly three-fourths of the simulated HU-decorated loops attach to the protein in an antiparallel orientation and two-thirds of these loops adopt the A1 form previously found to be of lowest energy when HU is restricted to the known highestaffinity binding site (19) . There is no such constraint on the site of HU occupancy in the present work. The localized build-up of HU reflects the physical properties of the DNA model and the structural deformations imposed by the associated proteins. The opposing changes in loop type with the uptake of HU on the Gal vs. Lac systems-P1 to A1 vs. A1/A2 to P1, respectively-stem from the different lengths of the DNA loops and the different locations of the anchoring points on the two proteins (SI Appendix, Fig. S1 and Table S1 ).
In contrast to the uniform build-up of HU on minicircles, the architectural protein accumulates at specific sites and with nearly fixed spacing along both kinds of wild-type repressor-mediated DNA loops. For example, most of the HU pairs in the 92-bp loops successfully anchored to the Lac repressor (>60%) are symmetrically positioned, with the centers of the bound HU proteins located ∼30 bp from the ends of the loop, at the operator centers (Figs. 3 and 4). Some dimer pairs occupy sites roughly a helical turn away from the dominant location; i.e., HU centers ∼20 or 40 bp from the 5′-end of the 92-bp loop, while preserving the ∼35-bp center-to-center spacing of HU (two turns of protein-free DNA flanked by the half-sites of each HU). The pathway of DNA on the Lac repressor introduces a rotational constraint on the loop not present in the minicircles. In contrast to the "free" rotation of DNA base pairs around the helical axis of a minicircle, the binding of the repressor determines which segments of DNA lie on the inner and outer surfaces of the loop. Thus, the positions of HU are restricted to sites where the bending of DNA is in phase with the repressor-induced rotational setting.
The positioning of HU is similarly localized on wild-type Gal repressor-mediated loops. Moreover, the dominant site of protein uptake coincides with the site of highest HU occupancy detected upon conversion of the protein to a chemical "nuclease"position +6.5 nearer the 3′-than the 5′-end of the loop (6)-and the predicted sites of secondary protein uptake occur in the vicinity of the sites of less frequently observed binding affinity (Fig. 5 ). The dominant mode of binding occurs almost exclusively in the context of an A1 loop with a single HU dimer (SI Appendix, Fig. S12 ) and, as noted previously (6), impedes access to the overlapping gal promoters. The predicted secondary binding sites near the ends of the loop occur in the context of a P2 loop with two symmetrically positioned HU dimers. Simulated loops of 113 bp attach to the Lac repressor in a P1 orientation with two symmetrically bound dimers (SI Appendix, Fig. S13 ).
Allowance in the simulations for large-scale opening of the Lac repressor, along the lines suggested by various experiments (e.g., refs. 20, 21), changes the above picture somewhat. "Flattened" HU-decorated loops anchored in parallel orientations on the repressor continue to dominate the configurational landscape if the repressor is allowed to open, although with lesser probability than if attached to the rigid, V-shaped structure (Fig. 4B ). The symmetrical placement of HU, however, limits the opening of the repressor (10) . By contrast, all of the 92-bp loops captured in the absence of HU on a deformable repressor bind in a parallel orientation to a highly opened protein structure, and, of these, most adopt an extended, smoothly curved pathway free of DNA self contacts (10, 17, 18) , i.e., without the crossing of the loop found in the ℓ-shaped HU-free configurations formed on the rigid, V-shaped model (SI Appendix, Figs. S9 and S10). In this sense, the addition of HU has the same dramatic effect on the configuration of the DNA loop as that found when the repressor is kept rigid, although the types of overall folding differ.
HU Introduces a Structural Barrier to lac Operon Accessibility. The simulated structures of DNA loops anchored to the Lac repressor and decorated by randomly bound HU dimers ( Fig. 3 ) differ substantially from all models of the protein-DNA assembly offered to date (17, 18, (22) (23) (24) (25) (26) (27) . The loops adopt a broader and different range of configurational states than heretofore anticipated and hint of an indirect functional role of HU in lacgene repression. The presence of HU allows the DNA to adopt spatial pathways normally inaccessible to the stiff, naturally straight duplex. As noted above, the tendency of DNA to remain straight directs the placement of the HU dimers and thus the sites of sharp, localized, protein-induced deformation. The consequent changes in overall DNA folding, in turn, reposition key regulatory elements on the lac operon relative to the ends of the repressor-mediated loop. These elements include the 22-bp site of catabolic activator protein (CAP) binding, located adjacent to the operator-bound DNA at the 5′-end of the loop, and the hexameric -35 and -10 promoter elements, located, respectively, in the middle and near the 3′-end of the loop. The known propensity of HU to remain in the vicinity of its binding sites (28) is expected to preclude access of other molecules to any regulatory elements decorated by HU upon loop closure.
Close examination of the simulated loops reveals HU-induced changes in both the global configuration and the local DNA microenvironment. As noted above, the two symmetrically placed dimers on the dominant HU-bound loops introduce a large-scale change of shape compared with the pathways taken by DNA in the HU-free loops (Fig. 3 ). The chain comes in closer contact with the Lac repressor than in the absence of HU, and the loop reorients with respect to the operators. The intervening base pairs also twist such that the major-groove edges of two of the six base pairs in the -35 recognition element tend to face inward. In the absence of HU, these edges, which are recognized by the σ-factor of the RNA polymerase holoenzyme, have a greater propensity to face toward the exterior of the ℓ-shaped loops attached in the same orientation to a rigid Lac repressor structure. The architectural proteins thus change the rotational setting of the intervening DNA.
Notably, the fixed HU dimer sites overlap the CAP, -35, and -10 elements (Figs. 3 and 4). One dimer preferentially builds up on the 3′-half of the CAP site, and the second occupies one or the other of the promoter elements. For example, almost all of the loops attached to the Lac repressor in the dominant parallel orientation have one HU molecule that covers part of the CAP site, and nearly 70% of these loops have an HU that covers all or part of the -35 or -10 hexamer. The wrapping of DNA on the surface of the HU dimer precludes access of other proteins to any base pairs in contact with the architectural protein. The presence of HU may thus add a structural barrier to the initiation of gene transcription. There is no such barrier in the Lac repressor-mediated DNA loop structures previously predicted to occur in vivo (24) .
Discussion
The decoration of linear DNA by nonspecific architectural proteins produces a long, randomly crumpled double-helical molecule upon arbitrary uptake of low levels of the deformationinducing ligands (29) . Here we show, using the HU protein, how ordinary topological constraints placed on short fragments of DNA change the molecular disorder expected of DNA bound by a nonspecific protein into tightly organized 3D structures. Even though the simulated association of HU with DNA is random, the ligands build up at regularly spaced intervals along closed duplexes. Because of the rotational symmetry of DNA, ringclosure constraints have almost no effect on the specificity of the protein for any particular binding site. The computed distribution of HU on the minicircles reflects long-range mechanical correlations between bound species rather than the recognition of a given sequence. In other words, the ligands appear to recognize molecular shape rather than unique chemical features of the DNA base pairs. Here that shape is the stiff, naturally straight pathway of short, double-helical DNA, which also seems to direct the elongated, elliptical shapes of small, torsionally stressed DNA minicircles captured in cryo electron microscopic images (30) . The many ways in which a protein like HU can effect cyclization point to the advantage of its nonspecificity on the enhancement of DNA ring closure compared with sequencespecific ligands that bind with similar affinity to a single site.
The rotational setting imposed on DNA by proteins such as the Lac and Gal repressors, which mediate DNA loop formation, enhances the specificity of HU binding. That is, the nonspecific ligands build up at particular sites on the constrained duplex. The preferential build-up shows, in turn, how a nonspecific ligand might assume a functional role in a particular spatial setting. As noted above, the placement of HU on both Gal and Lac repressor-mediated loops with the wild-type operator spacing precludes access to key recognition elements on DNA. The localized build-up of architectural proteins on DNA loops helps to understand why the stable, site-specific binding of HU to DNA in the gal repressosome requires binding of the Gal repressor to both operators (6) . The HU binds to any site on a simulated chain if the ends are free but to specific sites if the ends are held in place.
A variety of experimental data support the structures of HU-bound DNA reported here. The predicted structures are ones that dominate the configurational landscapes (10) (11) (12) found to account successfully for the looping propensities of DNA deduced from gene expression (7, 31, 32) and single-molecule (33, 34) studies and the probabilities of DNA ring closure measured at different chain lengths under various HU concentrations (3, 15) (SI Appendix, Fig. S2 ). The models also support the build-up of HU on Lac repressor-mediated loops found in recent tethered-particle motion studies (35) . Significantly, the simulated build-up of HU on wild-type Gal repressor-mediated DNA loops matches the observed localization of the protein in biochemical footprinting studies (6) .
Earlier treatments of HU-bound DNA loops (24, 36) were phenomenological in the sense that the effects of HU on chain configuration were subsumed in the parameters of simplified models fitted to the data. By contrast, the present work takes direct account of the structures and fluctuations of successive DNA base pairs in the free and protein-bound state, the random binding of HU at various concentration levels, and the structures of the Lac and Gal repressors. The current model, however, omits direct treatment of electrostatic interactions that might bias the conformation and spacing of proteins on DNA. The current treatment, nevertheless, could prove useful in the design of new, more direct experiments to test the effects of HU on spatially constrained DNA, e.g., single-molecule studies of the energy transfer between judiciously labeled fluorophores on short, HU-decorated DNA loops. Atomic coordinates of modeled structures are available upon request.
Finally, structures like those reported here suggest that HU architecture, like nucleosomal architecture, which modulates the ability of regulatory proteins to recognize their binding sites in the context of chromatin (37) , may influence repressor-operator interactions in the context of the bacterial nucleoid. In principle, the operators can bind both repressor and HU proteins if appropriately oriented, e.g., with the major-groove edge of the CG base-pair step at the center of the operator facing the HU surface and the minor-groove edge in contact with the repressor. The shared-binding motif hints, in turn, of a potential mechanism of repressor opening. The simulated structures show, for example, that the accommodation of HU near one or both ends of the DNA loop requires Lac repressor opening. Subtle changes in operator structure, which contribute to the simulated looping propensities of DNA in the absence of HU (38) , may also affect the uptake and placement of the architectural protein.
Methods
Spatially Constrained DNA Structures. The configurations of HU-decorated DNA chains capable of closing into minicircles or looping between the headpieces of the Lac repressor assembly were obtained by direct Monte Carlo simulation of double-helical structures and subsequent identification of chains with terminal base pairs in the desired spatial disposition. The DNA is treated at the level of base-pair steps, using six rigid-body parameters to specify the arrangements of successive base pairs (39, 40) and a potential that allows for elastic deformations of the long, thin molecule from the canonical B-DNA structure (4) . The model, however, ignores sequence-dependent variations in double-helical structure and/or deformability that might modulate the rotational setting of spatially constrained structures (i.e., direct the edges of the inward-and outward-facing base pairs) and omits direct treatment of electrostatics. The polyelectrolyte properties of DNA are treated indirectly through the choice of elastic parameters, and the proteins are neutral. The pathway of protein-free DNA is constructed, one base-pair step at a time, from randomly sampled sets of rigid-body parameters subject to the elastic potential. The protein-bound DNA is treated in terms of the rigidbody parameters of DNA found in available protein-DNA structures (5, 16) . The proteins are included as "side groups" of the DNA; i.e., the atoms of protein are expressed in the reference frame of one of the bases in the bound molecular complexes. See Supporting Information for full details.
Nonspecific Protein Binding. Each site of possible HU binding on a simulated protein-free duplex is visited, and the protein is placed on the basis of the assumed binding probability (12) . One of the HU-DNA step motifs is selected at random and introduced at the accepted binding sites, thereby altering the configuration of DNA. The same procedure is used to introduce Hbb. The latter protein, although known to bind sequence-specifically to DNA (41), is used here to illustrate the effects of sharp protein-induced bending on ring closure. Successfully closed chains are discarded if the distances between pairs of Cα atoms on protein and base-pair centers on DNA fall below standard steric limits (12) . The ease of DNA loop formation is estimated from the number of simulated configurations of a linear molecule with terminal base pairs positioned so as to overlap the base pairs at the ends of the operators bound to the selected repressor (10) . The arrangement of operators is based on the relative disposition of the two dimeric halves of the tetrameric assembly.
Repressor Models. The simulations include the looping of DNA between the headpieces of V-shaped models of the Lac and Gal repressors (SI Appendix, Fig. S1 ) obtained by superposition of the structures of well-resolved protein fragments (17, 19) as well as the ease of placing the double helix between the ends of a Lac tetramer subject to large-scale opening. The looping computations also take account of the four distinct orientations of DNA operator sequences on the repressor assemblies (19) . Although the computations do not specify the level of DNA supercoiling, the topological properties of the successfully closed pathways-i.e., the writhing, twisting, and linking numbers of the protein-DNA assemblies-are determined from the positions of the constituent base pairs (42 Models of DNA are constructed, one base-pair step at a time, from sets of rigid-body parameters -three angular variables termed tilt, roll, and twist, and three distances called shift, slide, and rise (4) -that specify the three-dimensional arrangements of successive base pairs (5, 6) . The base pairs are thus represented by rectangular slabs and the configuration of a DNA segment is specified by giving the locations of the centers of the slabs associated with each base pair and the right-handed orthonormal frames that are embedded in the base pairs.
Generation of a three-dimensional representation of DNA entails expression of the coordinate frame on each base pair in a common reference frame. This is achieved with a serial product of matrices that incorporate the displacement vectors and the rotation matrices relating the coordinate frames on successive base pairs (7) . The elements of the vectors and matrices are functions of the rigid-body parameters at each base-pair step (8) .
Protein-free DNA segments are subject to a potential that allows for elastic deformations of the long, thin molecule from the canonical B-DNA helix (7) . The DNA attached to the Lac repressor is described by the parameters adopted in the highresolution crystal complex of a stable dimer with a symmetric operator (18) . The base pairs in contact with the Gal repressor follow the DNA pathway found in the crystal complex with the sequentially related Pur repressor (19) (see below). The HU, Hbb, and repressor proteins are included as 'side groups' of the DNA, i.e., the atoms of protein are expressed in the reference frame of one of the bases in the bound molecular complexes. The ligase structure is not incorporated in the closed circular models.
The Lac repressor is subjected in some of the computations to large-scale motions that preserve its globular elements and follow directions consistent with experimental observations (20, 21) . The opening of the repressor to an extended state is effected via rotations of the large globular arms of the tetrameric assembly about a 'bending' axis perpendicular to the long axes of the two arms (1, 3) . The disordered state of the polypeptide backbone in this region of the structure lends support to the idea that the protein may deform by such a mechanism. The reference state is a V-shaped model of the full protein-DNA assembly constructed from known crystallographic components (1) ( Figure S1 ), i.e., superposition of the atoms in the 2.6-Å resolution structure of the dimeric protein bound to the symmetric operator (18) on the corresponding atoms in the tetrameric form of the protein without DNA-binding headpieces (22) .
For simplicity, the opening of the repressor is assumed to be 'free', with no energy penalty associated with the disruption of the small contact interface believed to stabilize the V-shaped form (1) . Introduction of a penalty term proportional to the surface area of the contact interface in the closed complex does not change the general findings.
The Gal repressor-operator complex is represented by the stacked V-shaped assembly generated by Victor Zhurkin through homology modeling with the purine repressor dimer (19) and docking of the amino-acid 'crescents' found from structure-based genetic analyses to stabilize the association of the dimeric arms in the tetrameric complex (23) . The different mechanism of protein-protein interaction, i.e., the stacking of Gal dimers as opposed to the association of Lac dimers through a four-helix bundle, limits the motions of the Gal assembly compared to the Lac tetramer and alters the relative positions of the bound DNA operators ( Figure S1 ). In order to understand the relative effects of the two repressors on the looping of DNA, we set the lengths of bound operators to the same value, 14-bp steps, and describe the bound DNA with the rigid-body parameters associated with the associated crystalline models.
Thus, the lengths of the loops, expressed in the conventional sense in terms of the center-tocenter operator spacing, are 14-bp longer than the simulated DNA loops. In the absence of The probability of DNA looping is reported in terms of the Jacobson-Stockmayer J factor, the well-known ratio of the equilibrium constant for polymer ring closure compared to the bimolecular association of a linear molecule of the same length and composition (24) . The greater the value of J is, the lower the free energy of DNA is and the greater the likelihood of chain closure is. The J factor depends upon the fraction of configurations that meet specific spatial criteria (25) , here the product of probability densities that (i) the end-to-end vector r is null; (ii) the normals of the first and last (phantom) base pairs are aligned (i.e., the cosine of the angle Γ between the normals is unity); and (iii) the end-to-end twist ω is zero. Because the chances are very low that the added base pair will superimpose perfectly on the first base pair in any simulated structure, the end conditions are relaxed and only configurations that fall within the following bounds are taken as successfully closed: (i) |r| ≤ 15 Å, (ii) cos Γ ≤ 0.98, (iii) cos ω ≤ 0.98. p. 5
Representative configurations of DNA chains are obtained, as described previously (7), by direct Monte-Carlo enumeration using a standard Gaussian random-number generator (26) and a modification of the Alexandrowicz half-chain pairwise-combination technique (27) . The random placement of HU on DNA includes corrections for the potential overlap of bound proteins and the generation of partial binding sites on simulated half chains as detailed in full elsewhere (12) . The implicit treatment of ligase-bound DNA outlined above precludes the buildup of HU at sites of successful ring closure. The probability that a site on DNA is occupied by HU, one HU dimer per 150 bp of DNA in most looping simulations, corresponds to the level of protein present during the exponential growth phase of E. coli, i.e., ~30,000 HU dimers (28) in the presence of a 4.6 × 10 6 -bp genome (29) . The fixed concentration of HU is consistent with the relatively evenly scattered distribution of HU in the E. coli nucleoid (30) . The imposed levels of HU binding in the simulation of ring closure bracket the in vivo levels.
Successfully closed chains are discarded, as reported previously (12), if (i) the center-tocenter distance between sequentially distant base pairs (separated by more than 20 bp along the DNA contour) is less than 20 Å; (ii) the distance between any pair of atoms on bound proteins (one atom taken from each protein) is less than 2 Å; and (iii) the distance between any atom of protein is less than 5 Å from the center of a DNA base pair, to which it does not bind. In view of the approximations used to estimate chain closure, we also omit consideration of any 'end-to-end' contacts between the centers of the 10 bp at either terminus of the DNA. 
Supplementary Results
Initial Model Validation. The methods outlined above have been used previously to compute the J factors of various spatially constrained DNA systems, including short covalently closed circular molecules and Lac repressor-mediated loops (3, 7, 12, 33, 34) . The correspondence between the predicted cyclization and looping propensities and the ease of ring closure derived from gene-expression (35) (36) (37) , DNA ligation (33, (38) (39) (40) (41) (42) (43) , and single-molecule (44, 45) measurements over different ranges of chain lengths and HU concentrations lends credence to both the model and the simulation methods ( Figure S2 ). The successfully closed HU-bound DNA chains adopt a surprising set of spatial forms as described in the main body of the paper. Figure S3 for representative configurations of 145-bp minicircles).
HU-bound
The relative frequency of closed circular configurations with three or more HU dimers increases in larger minicircles as the average number of bound HU molecules builds up with p. 7 chain length ( Figure S4 ). The accumulation of proteins depends upon the assumed binding levels (Figures S5, S6 ). For example, whereas about 25% of closed 110-bp duplexes bear three or more HU dimers if collected from ensembles with a protein-binding frequency of one dimer per 200 bp, over 40% of the minicircles of this length bear three proteins if the protein uptake is doubled ( Figure S6 ).
The level of imposed HU binding has no effect on the shapes of the protein-bound minicircles. The principal axes of the closed chains are 'quantized' in the sense that the magnitudes of the axes are fixed for minicircles of a given chain length with a given number of bound proteins (left and center plots in Figure S7 ). The spacing between proteins on chains with two HU dimers is approximately half the contour length and that on chains with three bound proteins is roughly a third of the DNA ( Figure S4 ) (Table S2 ). (Table S1 ). Escherichia coli cells containing the wild-type (WT) protein (35) (36) (37) and, on the right, with values deduced from tethered particle motion studies of DNA constructs (E8-09, E8-12) of the random E8 sequence (42) flanked at its 5´-end by a symmetric operator and its 3´-end by the natural O 1 operator (44, 45) . Note that the loop lengths reported in the latter studies are converted to center-to-center distances for comparison with the computational treatment. (13)). The probabilities w HU and w Hbb of finding HU or Hbb occupying a given position are depicted respectively by the histograms in the upper plots. Note that these quantities differ from the probabilities, reported in Figure 1B , of finding the center of the HU dimer at a given step. The number of bound proteins, plotted to the right of each set of configurations, reveals the effect of protein identity, i.e., protein-induced DNA distortion, on the fraction of chains bearing two versus three or more dimers. p. 22 Tables S1, S2 for relative frequencies). Color-coding highlights regulatory elements along the loop (CAP in deep blue, -35 and -10 sites in green). p. 23 (Table S1 ) and, as a consequence, the predicted build-up of HU. The dominant states of 113-bp Lac repressor-mediated loops thus bind 2 HU dimers near the ends of the loop and the secondary states one HU near the middle.
